Lysophosphatidate (LPA) acyltransferase (EC 2.3.1.51) in the microsomes from the maturing seeds of meadowfoam (Limnanthes alba), nasturtium (Tropaeolum majus), palm (Syagrus cocoides), castor bean (Ricinus communis), soybean (Glycine max), maize (Zea mays), and rapeseed (Brassica napus) were tested for their specificities toward 1-oleoyl-LPA or 1-erucoyl-LPA, and oleoyl coenzyme A (CoA) or erucoyl CoA. All the enzymes could use either of the two acyl acceptors and oleoyl CoA, but only the meadowfoam enzyme could use erucoyl CoA as the acyl donor to produce dierucoyl phosphatidic acid (PA). The meadowfoam enzyme was studied further. It had an optimal activity at pH 7 to 8, and its activity was inhibited by 1 millimolar MnCI2, ZnCI2, or p-chloromercuribenzoate. In a test of substrate specificity using increasing concentrations of either 1-oleoyl-LPA or 1-erucoyl-LPA, and either oleoyl CoA or erucoyl CoA, the enzyme activity in producing PA was highest for dioleoyl-PA, followed successively by 1-oleoyl-2-erucoyl-PA, dierucoyl-PA, and 1-erucoyl-2-oleoyl-PA. In a test of substrate selectivity using a fixed combined concentration, but varying proportions, of 1-oleoyl-LPA and 1-erucoyl-LPA, and of oleoyl CoA and erucoyl CoA, the enzyme showed a pattem of acyl preference similar to that observed in the test of substrate specificity, but the preference toward oleoyl moiety in the substrates was slightly stronger. The meadowfoam microsomes could convert [14C]glycerol-3-phosphate to diacylglycerols and triacylglycerols in the presence of erucoyl CoA. The meadowfoam LPA acyltransferase is unique in its ability to produce dierucoyl-PA, and should be a prime candidate for use in the production of trierucin oils in rapeseed via genetic engineering.
phosphate to diacylglycerols and triacylglycerols in the presence of erucoyl CoA. The meadowfoam LPA acyltransferase is unique in its ability to produce dierucoyl-PA, and should be a prime candidate for use in the production of trierucin oils in rapeseed via genetic engineering.
In oil seeds, TAG3 is synthesized from fatty acid via the Kennedy pathway which consists of four major enzymatic reactions (14) . Glycerol-3-P is first acylated at the sn-1 position by glycerol-3-P AT, and the product 1-LPA is acylated by LPA-AT to form PA. PA is then dephosphorylated by PA ' Supported by National Science Foundation grant DMB 88-05618. 2Current address: Department of Biochemistry, University of Malaya, Kuala Lumpur, Malaysia.
3 Abbreviations: TAG, triacylglycerol; LPA, lysophosphatidate; PA, phosphatidic acid; LPA-AT, lysophosphatidate acyltransferase; LPA-18: 1, 1-oleoyl-lysophosphatidate; LPA-22: 1, 1 -erucoyl-lysophosphatidate; PA-1 8:1/18:1, dioleoyl phosphatidate; PA-18: 1/22:1, 1-oleoyl-2-erucoyl phosphatidate; PA-22:1/18:1, 1-erucoyl-2-oleoyl phosphatidate; PA-22: 1/22:1, dierucoyl phosphatidate; DAG, diacylglycerol.
phosphatase to generate DAG. Finally, DAG is acylated by DAG-AT to produce TAG. In maturing seeds, the above four enzymes are found in the microsomes and presumably they are restricted to the endoplasmic reticulum.
The preference of the above four enzymes from seeds of various species toward the acyl moieties of the substrates has been studied to some extent, and the in vitro experimental results are consistent with the specificity of the acyl moieties in the three sn-positions of seed TAG in the respective species (4, 14) . Ofthe three ATs, glycerol-3-P AT and DAG-AT from diverse seed species are quite flexible in their use of various acyl CoAs, whereas LPA-AT has a strong preference for restricted acyl CoAs (5, 14) . This pattern of acyl preference of the three ATs implies that the acyl moieties in the sn-l and sn-3 positions in seed TAG are largely dependent on the availability of acyl CoAs in the intracellular pool, whereas that in the sn-2 position is highly restricted by the acyl preference of LPA-AT.
In view of the importance of LPA-AT in controlling the acyl moities in seed TAG, we have been studying this enzyme from various oilseed species (10, 15) . We have made direct comparisons of the enzymes from various species in order to understand the flexibility and limitation of their acyl preference which controls the acyl moiety in the sn-2 of seed TAG. Our goal is not only to understand the mechanism of seed oil biosynthesis, but also to obtain information important to both classical breeding and genetic engineering in altering the quality of seed oils. Specifically, we have been studying the enzymes from different oilseed species to see if they can use short (lauric) and long (erucic)-chain acyl moieties in the substrates. In the study of LPA-AT in using substrates containing lauroyl moiety, we have found that the enzyme from palm kernel can use LPA-lauroyl and lauroyl CoA as the substrates, whereas those from other oilseed crops containing the normal C-16 and C-18 acyl moieties in seed TAG are unable to do so (10, 15) . This finding is consistent with the presence of lauroyl moiety in the sn-2 position of palm kernel Plant Physiol. Vol. 94, 1990 as 50 to 60% of erucoyl moieties in seed TAG, they possess little erucoyl moiety in the sn-2 position.
We did a search of various oilseed species for LPA-AT that can use LPA and acyl CoA containing erucoyl moiety. Of all the enzymes examined, only the meadowfoam LPA-AT was highly active toward LPA-22:1 and erucoyl CoA. The acyl preference of the meadowfoam enzyme was further characterized. Here, we report our findings, and discuss their implication in obtaining trierucin in rapeseed using classical breeding or genetic engineering.
MATERIALS AND METHODS

Plant Materials
Field-grown plants of meadowfoam (Limnanthes alba), nasturtium (Tropaeolum majus), palm (Syagrus cocoides Martius), maize (Zea mays L. inbreed Mo-17), and castor bean (Ricinus communis L. var Hale), and greenhouse-grown plants of soybean (Glycine max L. Merr cv York 237), and rapeseed (Brassica napus L.) were used. The seeds were harvested when the oil contents in the storage tissues of the maturing seeds were approximately half the values in the mature seeds. The cotyledons of meadowfoam, nasturtium, soybean, and rapeseed, the endosperms of palm and castor bean, and the scutella of maize were obtained.
Preparation of Microsomes
The tissues were chopped with a razor blade in a Petri dish containing 0.15 M Tricine-NaOH (pH 7.5) and 0.16 M sucrose (2-4 mL per g tissue), and then homogenized gently with a mortar and pestle. The homogenate was filtered through a piece of Nitex cloth of pore size 20 x 20 ,um. The filtrate was centrifuged at 10,000g for 15 CoA (approximately 100,000 dpm), and microsomes (32 Mg proteins). The reaction was initiated by the addition of microsomes. After incubation at 30°C for 5 min, the reaction was stopped. Modifications of the reaction mixture and incubation time in individual experiments are described in the text. The reaction was stopped by adding 2.5 mL of chloroform/ methanol (1/1, v/v). The chloroform layer was partitioned by vigorously shaking the whole mixture with 1.1 mL of 1 M KCI, 0.2 M H3PO4 and centrifuging for 5 min at 2000 rpm in an IEC HN-SII centrifuge using Rotor 958. The lower phase was removed, and the aqueous layer was washed with 1 mL chloroform. The combined chloroform layers were dried under a stream of nitrogen and quantitatively transferred onto a TLC plate (Whatman K-6 silica gel). The plate was developed in chloroform/pyridine/formic acid (50:30:7, v/v). The radioactive PA product was located by autoradiography. Gel containing the PA spot was scraped into a scintillation vial and counted in 7 mL Aquasol cocktail (NEN Research Products, Boston, MA).
In experiments testing enzyme selectivity toward LPA, mixed LPA-18:1 and LPA-22:1 were used with either radioactive oleoyl CoA or radioactive erucoyl CoA. Two radioactive PA molecular species were produced. They were separated into individual spots on reverse phase TLC plates (Whatman KC-18) by chloroform/methanol/acetic acid/water (63/35/ 3/1.5, v/v). The two spots were located by autoradiography. Gels corresponding to the two spots were scraped into scintillation vials and counted in 7 mL Aquasol cocktail.
In experiments testing enzyme selectivity toward acyl CoA, mixed radioactive oleoyl CoA and erucoyl CoA were used with either LPA-18:1 or LPA 22:1. Two radioactive PA molecular species were produced. They were first resolved together as one spot on a TLC plate (Whatman K-6 silica gel) developed in chloroform/pyridine/formic acid (50:30:7, v/v). The spot was located by autoradiography. Gel corresponding to the spot was scraped, and the PA was eluted with chloroform/methanol (2/1, v/v). The We studied LPA-AT from various oilseed species for their ability to use the two substrates, LPA and acyl CoA, containing long-chain acyl (erucoyl) moieties. We chose oilseed species that contain TAG with diverse acyl moieties (4, 12). These species included palm (containing mostly C-12, C-16, and C-18 acyl moieties in seed TAG), soybean and maize (C-16 and C-18), rapeseed (C-16, C-18, and C-22), castor bean (hydroxyl C-18), and nasturtium and meadowfoam (C-20 and C-22).
Many reports have shown that the Kennedy pathway enzymes are present largely in the microsomes obtained from maturing seeds (14) . We prepared microsomes from the maturing seeds ofthe above species, and assayed for the activities of LPA-AT. The microsomes were supplied with either LPA-18:1 or LPA-22: 1, and either oleoyl CoA or erucoyl CoA, and the production of PA was monitored. We chose to study the substrate specificity (supplying one acyl acceptor and one acyl donor) rather than the substrate selectivity (supplying a mixture oftwo acyl acceptors and one acyl donor, and vice versa). The test ofspecificity is less stringent than the test ofselectivity in detecting substrate preference, as shown in the studies of LPA-AT from palm (10) and meadowfoam (to be described), and thus facilitates the detection of LPA-AT that can use substrates containing erucoyl moieties.
The microsomes from all oilseed species contained LPA-AT activities toward LPA-18:1 and oleoyl CoA; their activities per unit microsomal proteins ranged from 3 to 25 nmol/min. mg protein (Table I ). The meadowfoam enzyme was able to use either LPA-18:1 or LPA-22:1 and either oleoyl CoA or erucoyl CoA. The enzymes from rapeseed, nasturtium, soybean, maize, and palm were similar in their ability to produce PA-18:1/18:1 (from LPA-18:1 and oleoyl CoA) and PA-22:1/ 18:1 (from LPA-22:1 and oleoyl CoA), and their inability to produce PA-18:1/22:1 (from LPA-18:1 and erucoyl CoA) and PA-22:1/22:1 (from LPA-22:1 and erucoyl CoA). Castor bean LPA-AT also had the ability to produce PA-18:1/22:1, but its ability to produce PA-22:1/22:1 was barely detectable. Overall, only the meadowfoam enzyme was able to use both LPA-22:1 and erucoyl CoA to produce PA-22:1/22:1. We proceeded to characterize the meadowfoam enzyme.
LPA-AT Activity in Meadowfoam Microsomes
In the presence of LPA-18: 1 and oleoyl CoA, the formation of PA catalyzed by the meadowfoam microsomes (32 Mg protein) was linear for the first 5 min, and afterward the formation became slower (Fig. 1) . The formation of PA was proportional to the amount of microsomal proteins from 32 to 100 ug (Fig. 2) . The pH for optimal activity was between 7 to 8 (Fig. 3) . A similar activity versus pH profile was obtained using LPA-18:1 and erucoyl CoA as the substrates (Fig. 3) . The activity was inhibited by 1 mM MnCl2 or ZnCl2 (Table II) . It was enhanced about 50% by 0.5 or 1 mM MgC12, but a further increase of the MgCl2 concentration to 5 mM inhibited the activity by about 60%. Although dithiothreitol at 1 and 5 mm had little effect on the activity, p-chloromercuribenzoate at 1 mm inhibited two-thirds of the activity (Table II) . (Fig. 4) . At 10 gM of acyl acetate-Na (a), Mops-NaOH (0), Tris-HCI (0), and Caps-NaOH (U). at varying proportions (Table III) . (Table III) .
Overall, the pattern of substrate selectivity (Table III) The selectivity of meadowfoam LPA-AT toward the two LPAs was studied using a mixture of LPA-18:1 and LPA-22: 1 at a fixed combined concentration of 20 ,M but at varying proportions (Table IV) .
With 20 FM oleoyl CoA as the acyl donor, the enzyme showed little preference for either of the two LPAs, and the activity on them was roughly proportional to their relative molar ratio in the reaction mixture. With 20 Mm erucoyl CoA as the acyl donor, the enzyme exerted a preference for LPA-22:1 over LPA-18: 1. In the presence of either acyl CoA, the total enzyme activities toward the two LPAs at the varying proportions were roughly the same. Overall, the enzyme was active toward the two LPAs with no or slight preference for LPA-22: 1. This pattern of substrate selectivity is very similar to the pattern of substrate specificity.
Conversion of 14C-Glycerol-3-P to Various Glycerolipids by Meadowfoam Microsomes
Meadowfoam microsomes were able to convert ['4C]glycerol-3-P to various glycerolipids using either oleoyl CoA or erucoyl CoA as the acyl donor (Fig. 6) . The ( 14, 16) . Nevertheless, the current study shows that the enzymes from all oilseed species examined are quite relaxed in their capability of using The product of LPA-AT reaction, PA, is a common intermediate for the synthesis of storage TAG and membrane phospholipid ( 14) . Apparently, seeds possess a mechanism for the selective conversion of different PA molecular species to either TAG or membrane phospholipids, since those seeds that contain uncommon acyl moieties in storage TAG do not have these acyl moieties in the membrane phospholipids (14) . It is unknown if the selective mechanism is purely physical (e.g. instability of phospholipids containing the uncommon acyl moieties in membranes) or biological (e.g. different isozymes for the synthesis of PL and TAG). If the latter aspect is valid, our microsomal preparations would contain two different LPA-AT for TAG and phospholipid syntheses. The TAG-specific LPA-AT would be more active than the phospholipid-specific LPA-AT, since the microsomes were prepared from seeds at a stage when they were actively synthesizing storage TAG. If so, the meadowfoam TAG-specific LPA-AT would be more active on erucoyl LPA and erucoyl CoA than we have observed.
The correlation between the acyl preference of LPA-AT from nasturtium, castor bean, and meadowfoam and the acyl moieties in their seed TAG is intriguing. Nasturtium seed TAG contains about 65% 13-docosenoic acid (erucic acid), 25% 1 l-eicosenoic acid, and 10% 9-octadecanoic acid (oleic acid) (4, 9); the erucic acid is distributed equally among the three sn-positions (9) . Therefore, it is surprising that the nasturtium LPA-AT could not use erucoyl CoA actively. This finding could be explained as follows. Nasturtium seed con- (7) . Intensive breeding has been unsuccessful in producing rapeseed varieties that produce oils with more than 50 to 60% erucic acid (7, 13) . All the high-erucic-acid rapeseed varieties do not produce TAG that contain erucoyl moiety in the sn-2 position. This selective exclusion of erucic acid from the sn-2 position is due to the stringent acyl CoA preference of rapeseed LPA-AT. The rapeseed LPA-AT is no different from the enzymes from other traditional oilseed crops in its ability to use LPA-22: 1 and inability to use erucoyl CoA. The failure of the intensive breeding program suggests that the rapeseed LPA-AT may not be modified to use erucoyl CoA. In fact, no Brassica genotype has been found that contains seed oils with more than 65% erucic acid (7, 13) . At this time, the only resort for producing a rapeseed variety which contains very high erucic acid oils is to genetically engineer into rapeseed a foreign LPA-AT which can introduce erucoyl moiety into the sn-2 position of TAG. Clearly, the meadowfoam LPA-AT is an excellent candidate. Such a genetic engineering program is technologically feasible. In addition, maturing rapeseed should be able to provide plenty of erucoyl CoA for trierucin synthesis. However, the final success for the production of trierucin rapeseed will depend on whether the rapeseed PA phosphatase, DAG-AT, and the lipase (in germinated seed) will be able to act on dierucoyl PA, dierucoyl DAG, and trierucin, respectively. 
